Free thyroxine in serum has been measured by the equilibrium dialysis method since 1962 (1). The method involves the addition of analytically insignificant amounts of [13tljthyroxine or ['25ljthyroxine to the serum sample. It was assumed that the labeled hormone was pure thyroxine and that it became homogeneously mixed with the endogenous thyroxine in the serum. When the serum was dialyzed against a buffer solution, the labeled free hormone dialyzed across the membrane and the radioactivity could be recovered from the diffusate and determined. The free thyroxine fraction was calculated by the ratio of radioactivity in the diffusate to that in the serum sample. The concentration of free thyroxine as mass was derived from the product of the free thyroxine fraction and the concentration of total thyroxine, which was determined by an independent method.
The equilibrium dialysis method was plagued by the fact that the [125ljthyroxine obtained from commercial sources invariably contained radioactive iodide and other radioiodinated impurities (2) (3) (4) removed, could cause considerable error in the estimation of free thyroxine (2, 8).
Our laboratory has been using the equilibrium dialysis method to determine free thyroxine in patients' sera for several years. We found that the free thyroxine fraction of our quality-control serum varied quite appreciably with different shipments of ['25ljthyroxine. To overcome the problem, we developed a radioimmunoassay that is sensitive enough to actually measure the free thyroxine in a diffusate. The present paper reports our experience.
Materials and Methods

Materials
Thyroxine antiserum was obtained by immunizing guinea pigs with thyroxine/bovine serum albumin conjugate, prepared by the carbodiimide method (9). The product contains approximately 13 thyroxine residues per molecule of albumin, as calculated from absorption at 320 nm. One milligram of the conjugate was emulsified in 1 ml of complete Freund's adjuvant and injected weekly into guinea pigs at multiple intramuscular sites. Sera were obtained by cardiac puncture eight weeks after the first injection. Subsequent bleedings were done monthly; a booster injection was given seven days before each bleeding. The animals' drinking water contained triiodothyronine (10 sg/liter) to prevent them from developing goiters. Four of the 10 immunized animals produced usable antiserum three months after the first injection.
[125I]Thyroxine (specific activity, 1000 Ci/g) was supplied by Abbott Laboratories (North Chicago, Ill. 60064). Dialysis tubing (diameter, 1 cm) was purchased from Union Carbide (Chicago, Ill. 60638). Before use, the tubing was filled with and soaked in ethylenediaminetetraacetate (10 mmol/liter, pH 7.0) for a week, with at least three changes of the solution. Other chemicals were obtained from commercial sources. 
Methods
Dialysis. Pipet 1 ml of serum into a 1 X 40 cm piece of dialysis tubing. Fold the tubing in a U shape so that the portion with the 1 ml of serum lies flat on the bottom of a 25-ml Erlenmeyer flask containing 9 ml of dialysis buffer. Prepare the aqueous dialysis buffer by dissolving 3.1 g of KH2PO4, 13.12 g of NaHPO4, 23 mg of tetracycline phosphate, and 7.4 g of disodium ethylenediaminetetraacetate, adjusting to pH 7.5 with 10 mol/liter NaOH, and diluting to 2 liters. The dialysis buffer in the flask should completely cover the serum in the dialysis tubing. Cover the flask by a rubber stopper with a small hole, to prevent excessive evaporation, and incubate it at 37 #{176}C in a shaking water bath for 17 h. After the dialysis, discard the tubing with the serum and transfer duplicate 0.8-ml portions of the diffusate to 12 X 75mm tubes for radioimmunoassay.
Purification of ['251] thyroxine. We purified [12511 thyroxine by Dowex-1 anion-exchange column chromatography, following the procedure of Pileggi et al. (10). Deliver 80 to 100 mCi of ['251]thyroxine onto the top of a Dowex-1 acetate column, 0.5 X 3 cm. Wash the column with 6 ml of sodium acetate (0.2 mol/liter, pH 8) in water/isopropanol (equal volumes), followed by 6 ml of acetic acid (2.6 mol/liter, pH 2.2). Elute the thyroxine from the column with 4 ml of acetic acid (9.3 mol/liter, pH 1.4). Lyophilize the ['251]thyroxine in the first 1 ml of the final eluate; redissolve the residue in a solution of NaCl, 0.15 mol/liter, in Tris.HC1 buffer, 0.05 mol/liter, pH 7.5, and use this solution to determine free thyroxine as described below.
Radioimmunoassay (direct method).
Dilute the ['25lJthyroxine, standard thyroxine, and antiserum to appropriate concentrations with the dialysis buffer containing gelatin (1 g/liter): to 0.8 ml of diffusate, add 100 sl of the buffer, 50 Miof ['25ljthyroxine (2500 cpm, or 1 pg), and 50 Ml of antiserum (64 000-fold initial dilution, which should bind 40 to 50% of the radioactivity in the tube). The standard tubes contain 0.8 ml of dialysis buffer, 100 Ml of standard (0.5, 1.0, 2.5, 5.0, count each tube for 4 mm. Calculate the results (we used a Wang 370 programmable calculator) using a logit transformation as described by Rodbard (12) . Express the results as nanograms per liter of diffusate.
Free thyroxine determination by equilibrium dialysis with ['251]thyroxine (indirect method).
Perform the dialysis process just as described above in the Dialysis section, except that the 1 ml of serum inside the dialysis tubing contains 0.3 MCi of ['25ljthyroxine. After overnight dialysis, remove the tubing from the flask and allow buffer on the outside of the tubing to drain back into the flask. Add pooled human serum (0.8 ml) to each flask to bind the thyroxine, and remove inorganic iodide in the diffusate by adding 400 mg of anion-exchange resin (Rexyn 202; Fisher Scientific Co., Itasca, Ill. 60143). Quickly remove a portion of the 3-ml supernate from the flask and measure its radioactivity.
The ratio of the radioactivity in the flask to that in the original serum, expressed as cpm/ml, is the free thyroxine fraction.
Other methods. Determine serum total thyroxine by the Murphy-Pattee method (13) . Measure triiodothyronine by the method of Gharib et al. (9) .
Soak all glassware in 0.1 mol/liter HNO3 and rinse with tap water and distilled water and dry before use. Figure 1 shows results for free thyroxine fraction when ['251]thyroxine from two commercial sources was used. When the unpurified ['251]thyroxine obtained from source 1 was used, the free thyroxine fraction was 0.0192%. After the same preparation was purified on an anion-exchange column and used immediately, the free thyroxine fraction obtained was 0,0104%, and the value increased with time until it reached a plateau of 0.015% eight days later. When the purified ['251]thyroxine from S Corrected for approprIate blank. We determIned the blank by dialyzIng 1 ml of buffer and usIng 0.8 ml of the dlffusate Inthe thyroxine radloimmunoassay. The blank value In thIs partIcular experiment was 1.5 ng/Iller. source 1 was used, the free thyroxine fraction never reached the original value of 0.0192%, even 22 days (the longest period tested) after purification.
Results
The [125!] thyroxine obtained from source 2 gave similar results except 'that the free thyroxine fraction was not as low as that obtained with source 1 immediately after purification, and it returned to the original value of 0.018% eight days after purification. Figure 2 shows the specificity and sensitivity of the antiserum.
The least amounts of thyroxine and tniodothyronine detectable (or at 95% binding) are 1 and 60 pg, respectively. Cross reactivity with triiodothyronine at 50% binding is 0.9%. To ascertain that the amount of triiodothyronine in the diffusate could not cause interference, we measured the triiodothyronine content of the diffusate obtained from 10 normal persons and 10 hypothyroid and five hyperthyroid patients by a specific triiodothyronine radioimmunoassay (9). All of these showed less than 25 ng/liter of diffusate and hence would be undetectable in the thyroxine radioimmunoassay.
We studied the assay blank in two ways. If 1 ml of buffer was inside the dialysis tubing instead of serum, the diffusate obtained gave a range of 85 to 90% tracer binding (average, 88%) in the thyroxine radioimmunoassay, equivalent to 2.5 ng of free thyroxine per liter. When 30 serum samples from hypothyroid patients with extremely low total thyroxine values (<20 pg/liter) were dialyzed, the diffusate averaged 99% binding (range, 90 to 109%).
We studied analytical recovery by dialyzing 1 ml of buffer containing various amounts of thyroxine. Assuming complete equilibrium after overnight dialysis, we calculated the amount of thyroxine in the diffusate. Table 1 compares the calculated results and thyroxine  actually measured in the diffusate by the present method. Evidently the recovery is quantitative.
Inter-assay precision, assessed by repeated measurements of a pooled serum sample during two months, was 9.1 ± 0.58 ng/liter (mean ± SD, n = 28); the CV was 6%. Intra-assay precision, determined on a different pool of serum, was 7.5 ± 0.27 ng/liter (mean ± SD, n = 6); the CV was 5%. were subnormal. There is no statistically significant difference between normal persons and euthyroid patients on phenytoin (P > 0.05), but values for normal persons and either hypothyroid on hyperthyroid patients are different (P < 0.001).
Discussion
Some additionalinformation obtained during the development of the present method will be given here in order that others who may wish to introduce some modifications will benefit from our failures. An incubation shorter than 18 h decreases sensitivity. The 24-h incubation was chosen because of convenience. The thyroxine concentration in the diffusate becomes constant after 15 h of dialysis, in agreement with Sterling and Brenner (5). It is at variance with the claim by Weeke and Orskov (14) , who reported that the tniodothyronine concentration in the diffusate becomes constant after 15 mm of dialysis. The chemical structures of thyroxine and triiodothynonine are so similar one would expect that they would permeate the membrane at a similar rate. It was surprising to find that they showed such a discrepancy.
More study is needed to clean up this point.
The major objection to the use of the indirect method for the determination of free thyroxine is that the ['251]thyroxine preparation may contain interfering impurities. As Figure 1 shows, the free thyroxine value was lowest when the ['251]thyroxine used was freshly purified, but the value increased with time, presumably due to deterioration of the ['251]thyroxine. The freshly purified ['25ljthyroxmne from sources 1 and 2 did not give the same value, which may indicate that they contained different impurities, some of which could not be removed by anion-exchange chromatography.
The main purpose of the experiment shown in Figure 1 was not to show that a "pure" ['25ljthyroxine was obtained, or that [1251] thyroxine from source 1 is more nearly pure than that from source 2, but rather to demonstrate the variability of free thyroxine determination with the indirect method. The variability of the indirect method is also documented in the literature by the wide spread in normal values for serum free thyroxine concentration reported by different investigators (Table 3) .
Table 3. Summary of Reported Values for Free Thyroxine in Serum of Normal Subjects
The lowest free thyroxine fraction we obtained by the indirect method with freshly purified ['251]thyroxine was 0.0104%. The serum pool used for this study was the same as that used for the intra-assay precision study of the direct nadioimmunoassay method. The total thyroxine value of that pool was 70 ag/liter. The calculated free thyroxine concentration obtained by the indirect method is 70 X 0.000104 X 1000 = 7.3 ng/liter, identical within experimental error with the value obtained by the direct radioimmunoassay method. In view of the variability of the indirect method, it was desirable to have a method that would be sufficiently sensitive to measure the thyroxine concentration in the diffusate directly. With our sensitive thyroxine antiserum and the availability of ['251]thyroxine with high specific activity (i.e., 1000 Ci/g or greater), we could detect thyroxine in concentrations as low as 1.25 ng/liter in the diffusate. The most likely interferent with the present method is triiodothyronine, but we have shown that its concentrations in the diffusate from hypothyroid, euthyroid, and hyperthyroid individuals are <25 ng/liter, well below the level of detection by the present method.
The values reported here were not corrected for blank. We believe that the 30 samples from hypothyroid patients with extremely low total thyroxine and presumably undetectable free thyroxine, as found by measurement, represent a truer blank than that obtained when 1 ml of buffer was dialyzed. In the actual determination, it is serum, not buffer, that is dialyzed. If one prefers to use the blank value obtained by the buffer experiment, the values reported here represent a 2.5 ng/liter overestimate.
The dialysis tubing must be soaked in ethylenediaminetetraacetate solution, with frequent changes of solution, for at least a week. Otherwise, blank readings will be excessively high. The dialysis tubing may be soaked longer than a week, but the ethylenediaminetetraacetate solution must be changed frequently. Tetracycline, incorporated into the dialysis buffer to prevent possible bacterial growth, does not affect the blank or alter free thyroxine values.
Free thyroxine concentrations in the serum of patients on phenytoin did not differ significantly from normals, whereas their free thyroxine fraction is twice that of normal subjects; this is to be expected from the effect of phenytoin in decreasing thyroxine binding to thyroxine binding globulin, well documented by other investigators (21, 22) . The difference of the normal free thyroxine value obtained by the present method from those reported (see Table 3 ) could be caused by the different conditions used for dialysis, by the fact that the present method does not involve the use of ['25ljthyroxmne and hence avoids some of the variabilities inherent in the indirect method as discussed by Fang and Selenkow (17) , or by both. The normal value of free thyroxine reported by Ekins and Ellis (20) was 7.5-17 ng/liter, similar to the normal value reported here; these investigators also used a direct method similar to ours.
